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EFFECTS OF HYDROGEN GAS ON METALS AT AMBIENT TEMPFRATURE
J. E. Campbell*

SUM MAR /

Recent information on the propurties of ferrous and nonferrous alloys in hydrogen-gas environrents
at ambicnt temperature indicates that inany cngineering alloys become cmbrittied when subjected to tensile
loads in high-purity hydrogen gas. This information will be important for those who are concerned with
selecting or specifying matcrials for systems in which hydrogen gas is used 25 a fuel, propellant, or coolant.

On the basis of the information available, steels (ferritic, martensitic, and bainitic), nickek-base alloys,
and titanium alloys become embrittled in pure-hydrogen-gas environments at ambient temperature. The
embrittling effect is detected by muking tension tests on sharp-notched specimens in an environment of high-
purity hydrogen gas and, for comparison, tests on similar specimens in an inert gas at the same temperature and
pressure. [ the material is embrittled by hydrogen, its notch tensile strength will be reduced. The effect is
more pronounced as the hydrogen-gas pressure is increased, but in some casss the embrittling effect has been
observed at | atmosphere of pressure. The effect is more pronounced for the high-strength steels and high-strength ¢
nickel and titanium alloys than for the low-sirength uiloys. In unnotched specimens exposed to a pure-hydrogen .
environment, hydrogen embrittiement manifests itself as a decrease in ductility,

The data on sharp-notched or precracked specimens must be considered in connection with the perforimance
of actual components in hydrogen-gas environments, because most components contain areas where there
are stress concentrations or small cracks or flaws. If the alloy is subject to hydrogen-environment embrittlement,
the effects will be noted first in the arcas where there are high strain gradients.

Results of tests on stable gustenitic stainless stecls such as Types 310 and 316, or certain aluminum .
alloys such as 6061-T6, 2219-16, and 7075-T73, and beryllium copper indicate that there is no significant g
evidence of embrittlement of these ulloys in hydrogen gas st pressures up to 10,000 psi.

*Associste Fellow, Battelle Memorial lastitute, Columbus, Ohio.
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INTRODUCTION

Problems associated with embrittlement of steels caused by
hydrogen induced into the steel during manufacture, processing,
pickling, plating, and exposure to hydrogen gas at clevated tem-
peratures have been discussed in the literature.(1-4) Embrittlement
of steels and nonferrous alloys resulting from cxposure to
hydrogen gas at ambicnt temperature has been studied only quite
recently. Consbquently many of the people who are concerned
with selecting or specifying materials for advanced systems
involving the use of hydrogen-gas storage and associated tubing.
tittings, and controls may not be familiar with the limmitations of
materials for such applications.

Dissemination of this information is particularly important
at the present time, because there has been a growing interest in
vhe design of proprleen or poveer <ystems {including fuel cells)
for space and undersea vehicles which require hydrogen gas at
high pressures. Other space applications such as equipment for
hydrogen-gas cooling by the Joule-Thompson effect of sensors in
the Mariner 69 space vehicle also require hydrogen storage at high
pressures.

Since ther: have been no problems with the portable steel
storage tanks for laboratory and industrial supplies of hydrogen
gas, one might assume that the selection of alloys for hydrogen
environments is not critical. However, the use of certain enginecr-
ing alloys in hydrogen-gas environments can be very hazardous,
particularly at high pressures.(3) The purpose of this report is to
point out, on the basis of available information, those alloys that
become embrittled in hydrogen gas at ambient temperature and
those that do not. The available information is somewhat limited,
but is sufficient to permit selection of materials that can be used
to avoid embrittlement problems at ambient temperature.

A tentative list of papers to be presented at a symposium in
May. 1969, on “Effects of Gascous Hydrogen on Metals™ is
presented in the Appendix.

The effects of iydrogen gas on metals and alloys are discussed
by metal or alloy group as follows:
Pure iron, carbon steels, and alloy steels
Stainless steels
Aluminum and aluminum alloys
Copper aind beryllium copper
Nickel and nickel-base alloys
Titanium and titanium alloys
PURE IRON, CARBON STEELS, AND ALLOY STEELS

Results of tension tests, burst tests, and fatigue tests on
specimens of high-purity iron and carbon and zilov steels are
discussed in the following sections, Each series of tests indicates
that hydrogen gas at high pressure can cause a reduction in notch
strengih and in ductility of ferrous materials as compared with
similar tests in air or in helium.

Effects on Tensile Propertics

At Rocketdyne, the tensile properties of Armico iron and
scveral carbon and alloy steels have been evaluated in hydrogen
eas at 10,000 psi pressure.(6,7) The alloys and their chemical
compositions are shown in Table 1. In this program, the tensile
properties were determined in air at 1 atmosphere pressure, in
helium gas at 10,000 psi pressure, and in hydrogen gas at 10,000
psi pressure. The hydrogen gas contained less than 5 ppm impuri-
ties. Unnotched specimens were 8.250 inch in diameter ard the
notched specimens had a stress-concentration factor (Kt) of 8.4.
A special pressure cell was positioned around each specimen

TABLE |. CHEMICAL COMPOSITIONS OF ARMCO IRON, CARBON STEELS. AND ALLOY STEELS IN THE ROCKETDYNE

PROGRAM(6)
Composition, percent by weight
Material C Mn P S Si Ni Cr Mo Other
Armco Iron 0.033 0.036 0.007 0.015 0.001
(3/8-inch rod)
AISI 1020 0.17 0.47 0.011 0.037
(3/8-inch rod)
AISI 1042 0.44 0.76 0.008 0.020 0.20
(3/8-inch rod)
AIS! 4140 0.405 0.83 G.009 0.014 0.31 0.93 0.20
(3/8-inch rod)
HY-80 0.13 0.30 0.016 0.021 0.22 2.49 1.46 043 0.001Ti, 1.CO2V
(1/2-inch plate)
HY-100 0.16 0.32 0.010 0.019 0.22 2.57 1.67 0.42 0.05Cu. 0.001Ti,
(1/2-inch plate) 0.002V
ASTM A-302, 0.25 1.31 0.016 0.021 0.27 0.63 0.003B
Grade B with Ni
(5 1/2-inch plate)
ASTM A-515 Gr.70 0.27 0.71 0.011 0.018 0.19
(3/8-inch plate)
ASTM A-S17, 0.16 0.80 0.010 0.016 0.21 2.79 5.54 0.43 0.25Cu. 0.04V,
Grade F 0.002B
(3/8-inch plate)
ASTM A-372, Class IV 0.46 1.60 0.010 0.022 0.21 0.22
(0.817-inch-thick
pipe)
9Ni-4C0-0.20C 0.17 0.27 0.005 0.005 0.02 9.10 0.78 1.01 4.45Co0. 0.78YV
(7/16-inch rod)
18Ni(250) Maraging 0.006 0.02 0.003  0.007 0.02 18.70 4.80 0.15A1 0.40T1,

Steel (3-inch-square
block)

7.58C0.0.0127r.
0.002B. 0.05Ca
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subjected to the high-pressure gas environments, Information
regarding the purging technique is presented in Table 2 along with
the tensile property duta. Vacuum purging was found to he
preferable and was used exclusively in later phases of the program.
Tensile-property data in Table 2 were obtained by starting the
tensile test immediately after the final pressurization cycle. Strain
rates for the unnotched specimens were 0.002 minute! to the yield
load and 0.04 minute-! from the yield foad to the frncturc load,

All tensile tests were made at ambient temperature, |

The tensile data in Table 2 indicate that, even for the short
duration of the tensile tests, cach of the steel. wvas embrittied to
some extent by the high-pressure hydrogen gas. This embrittie-
ment s most obvious for the notched-specimen data, but the
reduction in ductility of the unnotched specimens tested in the
hydrogen environment is also an indicatioi of the embrittling
effect of the hydrogen. The configuration ol the notehed
speeintens is such that when there is no enshrittlement, the ey
strength is hish~ than the unnoteh stresgii. wvoteh wwnane
prongy i, e CMOTe W r\xi‘iu toward embrittling conditions
aan are unaceh tersiie properts s. Inopeneral, the reduction
in notch strength under these Lond:’..ons of high-pressure hydro-
gon gas s more pronounced for the hish-streneth steels thar for
the lower-trength steels.

Sinee the series of steet o Table 2includes a carbon steel
with two different heat treatments, several low-alloy steels, and
high-alfoy steels of two types [9Ni-4Co-0.20 C and 18 Ni (250)
maraging steel}, the data indicate that steeis, other than austenitic
types, are in general embrittled in hydrogen gas at high pressures.

The effect of holding time for periods up to 100 days in
10.000 psi hydrogen gas on the tensile properties of unnotched
and notched specimens of several steels also was determined on
the Rocketdyne program.(0) These specimens were subjected
to sustained loading during the exposure time, The specimens
then were tested in tension in the same e¢nvironment at the end
of the holding time. The specimens were AISI 1020 steel
(prestrained 1 percent), ASTM A-515 Grade 70, HY-80, and
AISI H-11 tool steel.

Elongation of unnotched specimens of AISI 1020 steel was
slightly lower for tests in 10,000 psi hydrogen than for tests in
10.000 psi helium, but was not significantly affected by holding
time or holding stress. Reduction in arca was considerably lower
for specimens tested in the hydrogen-gas environment than for
those tested in the helium environment.

Elongation of unnotched specimens of ASTM A-515 Grade
70 steel was significantly lower in 10.000 psi hydrogen gas than in

10.000 psi helium, but it was not altected by holding time or
holding stress. Reduction inarea was also tower for these speci-
mens when tested in hydrogen then when tested i helium.

Elongation ol unnotched specimens of HY-80) steel was
practically the same for all test conditions, but the reduction in
area was slightly less for the specimens tested in hvdrogen in
comparison with those tested in helium, Unnotched specimens of
H-T1 tool steel (heat treated to’Rockwell C 55y had no measurable
clongation or reduction in arca under any conditions in the
10.000 psi hydroge: environment,

Results of tension tests on notehed specimens of the same
four steets in 10.000 psi hydrogen after holding for periods up
to 100 days at selected holding stresses are shown in Table 3.
When tested in the gas atmosphere without any prior exposure
neriod: the notehed specimens of AIST 1072 staet failed at 20
paieent coveer stress in hydrogen this: o icean, However, a
reduction in strength was not observed for ihe noteacd specimens
of AISI 1020 steet that were held in the hydrogen environment
for 1 or 100 days at 76.000 psi stress.

For the other three <*eels in Table 3. there was a marked re-
duction in notch st .. - in the hydrogen environment, and this
reduction was greatess Yor the specimens thai had not been exposed
to the hydregen prior to testing. Apparentiy. extended exposur:
time under load does not increase the extent of the hydrogen
embrittlement and, in fact, appears to diminish the effect slightly.

Additional tests were made on two steels using specimens of
three notch configurations to obtuin stress-concentration factors
(Ky) of about 4. 5.9, and 8.3, Any of these specimens will
fracture at notch strengths greater than the tensile strength for
unnotched specimens when used to test ductile steels in air.
Results of tests in air. in helium, and in hydrogen are shown in
Table 4. The strength of these notched specimens when tested in
10.000 psi hydrogen was 15 to 25 percent lower as compared with
strengths obtained in similar tests in 10,000 psi helium. The notch
acuitics of these specimens represent a range of stress concentra-
tions but do not represent the degree of stress concentration that
might be expected at the apex of a natural {law.

An additional series of tests was conducted on the Rocketdyne
program to determine the effect of hydrogen pressure at 100,
1.000. and 10.000 pst on the tensile properties of unnotched and
notched specimens of the ASTM A-302-B steel. For the unnotched
specimens, the major effect was on the reduction in area. which
decreased progressively from 68 to 33 pereent as the hydrogen
pressure was increased from 0 to 10.000 psi. For the notched

TABLE 3. AVERAGE TENSILE PROPERTIES O NOTCHED SPECIMENS OF SEVERAL STEELS AFTER EXPOSURE TO HELIUM

OR HYDROGEN WHILE UNDER LOAD(0)

In_ 10,000 Psi He'ium

"~ in 10,000 Pui HydroELn

Reduc-
Holding Holding  Tensile tion in
Time. Stress,  Strength,!®  Area.
Material days ksi ksi percent
AlISI 1020 0 0 105 14
(hot rolled) | 76 101 19
10 76 103 14
ASTM A-515 0 0 1006 8.1
Grade 70
{hot rolled)
HY-R0 0 0 190 8.0
(mill processed)
5 i f
Hil 0 0 252 0.0
(R¢ 55)

(d) Notghud \pLuan dulw same as in I.lhll, 2 (l\( =8 4)

Reduc- Reduc-
Holding Holding Tensile tion in tion in ")
Time, Stress., Strength (2) Area Strength.
days Ksi ksl pereent percent
0 0 h4 8.2 20
| 76 101 8.7 -
100 76 104 8.4 -
0 0 74 34 2
1 67 83 34 22
100 67 83 3.7 22
0 0 151 39 20
| 136 161 4.2 N
100 136 155 4.3 18
0 0 57 0.0 77
1 54 78 0.0 69
100 54 12 0.0 56

(b} Forspecimens tested in hydrogen compared with those tested in helium,
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TABLE 4. AVERAGE TENSILE PROPER11ES OF NOTCHED SPECIMENS OF THREE STEELS IN AIR, HELIUM, AND HYDROGEN
© SHOWING EFFECT OF NOTCH ACUITY(0)

_1n 10,000Psi He . In 10,000 Psi H>

_InAir__ _
Reduc- Reduc- Reduc- Reduc-
Notch Tensile tion in Tensile tion in Tensiie tion in tion in
Heat Acuity, Strength, Arca,  Strength, Area, Strength, Area, Strength, (@)
Material Treatment Kt ksi percent ksi percent ksi percent percent
ASTM A-302 1650 F1hr, WQ, 1.0 120 e - 67 3.3
Grade B+ Ni I270F | hr, AC 4.0 221 19 207 19 177 4.8 5
5.9 221 15 212 16 168 4.9 21
7.5-8.3 220 1S 227 11 176 2.7 23
ASTM A-517 1625 F /2 hr. 1.0 128 05 12r 63 6
Grade F WwQ, 1225 F 3.7 243 13 RV 12 181 28 20
(T-1 steel) [ hr 5.8 243 11 230 12 172 2.0 15
8.3-8.7 236 7.4 222 5.7 173 2 23

(a) Percentaze reduction in strength 1or speciinens tested in hydrogen environment as compared with strength of those tested in helium

environment,

specimens, the notch strength decreased progressively from 235
to 176 ksi as the hydrogen pressure svas increased over the same
range.

For room-temperature tensile tests on stecl specimens, the

TABLE 5. EFFECT OF HIGH-PRESSURE HYDRGGEN ON
THE NOTCH STRENGTH OF AISI C 1025 AND

4140 STEELS AT ROOM TEMPERATURE(®)

effects of pure-hydrogen-gas environments are dependent, there- Unno‘tcn o
fore, on thF:: hydlyogcn gasgpressure, stiess concentration, alloy Tensile Environment for Notch
content, and mi€rostructure of the steel. Because of the potential Steel Strength, Notch Tensile Strength,
degradation of the properties of engineering steels in hydrogen Type ksi Teststa) ksi
environments, especially at high pressures, special precautions R
should be taken 3hen uysing stegclspin such environments or AISIC 1025 65.0 10.000 psi N2 l(?(w
consideration whould be given to using materials that are not 10,000 psi H2 30
degraded by hydrogen. AISI 4140 135 10,000 psi N2 241
6,000 psi H> 207
Effects on Notch Tensile Propertics of AISI C 1025 and 4140 10,000 psi H2 204
AIS1 4140 228 10,000 psi N2 362
Notched specimens of AISI C1025 and AISI 4140 steels 2,000 psi H2 135
were tested in high-pressure nitregen and hydrogen environments 6.000 psi H~ 121
at the Rensselaer Polytechnic Institute.(8. 9) Specimens with two 10:000 psi HE 89

notch configurations were employed. Specimens with a “‘sharp
notch” configuration had major diameters of 0.306 inch, notch
diameters of 0.150 inch in 60-degree V-notches, and root radii of
0.0046 inch, resulting in a stress-concentration factor of 4.2.
Specimens with a “blunt notch” configuration were the same
except that the root radii were 0.0313 inch. Specimens with
these notch configurations normally have notch strengths higher
than the corresponding tensile strengths for these steels. The
specimens were cleaned with carbon tetrachloride and inserted
in the test cells, which were similar to those used in the
Rocketdyne program discussed previously. Smooth-bar tensile
properties of the steels are given in Tables 5 and 6 along with the
notch-strength data. For the data in Table 5, the specimens were
exposed to the pressurized gas environment for 24 hours before
loading was started and for the duration of the test.

The data in Table 6 provide further evidence of the embrittle-
ment resulting from high-pressure hydrogen environments. Several
specimens were subjected to delayed-failure tests in 10,000 psi
hydrogen environments. However, such tests were discontinued
when it was found that the stress range within which delayed
failure occurred was very narrow for reasonable failure times.

It was concluded that the results of the notch tensile tests were
sufficient cvidence of the degree of embrittlement caused by the
hydrogen environment,

These tests demonstrated that the effect of the hydrogen
environment is more severe for the steel heat treated to a high
strength level than for the same steel at a lower strength level.

(a) Specimens exposcd to environment 24 hours before loading
and for duration of test, Notched specimens had a stress-
concentration factor of 4.2,

Furthermore, the effect of hydrogen pressure is more pronounced

for steel specimens in the high-strength condition, than for
specimens of the same steel at a lower strength level.

Effects on Burst Disk Specimens.

The effects of hydrogen on sheet steels and the protection
offered by various surface finishes and coatings have been studied
by the French Atomic Energy Commission using disk-shaped
specimens that were subjected to burst tests.(10) The enviren-
mental gas was used as the pressurizing medium. The specimens
were rated for hydrogen-gas embrittlement by the ratio of the
pressure of hielium gas to cause fracture to the pressure of hydrogen
gas to cause fracture, i.e, PHe/PH2. Tensile stresses were induced
on the high-pressure side of the disk as a result of bending in the
disks ncar the seating area of the fixture. Fracture occurred in a
circular pattern. Tests have been conducted using this equipment
to show the extent of environmental-hydrogen embrittlement
for some of the high-strength martensitic stecls meeting certain
French specifications, including maraging stcel. Results of these
disk tests showed the same trends as the previously discussed
tension tests in hydrogen conducted at the Rensselaer Polytechnic
Institute.(8. 9)



TABLE 6. EFFECT OF HIGH-PRESSURE HYDROGEN ON THE NGTCH ST RE-N(;TH
OF AISI 4140 STEEL AT ROOM TEMPERATURE AND AT -320 1)

U_r{nmdx

Tenule Notch Notch Change 0
Strength.  Configu-  Testing Conditions for Notched  Strength. Strength,
ks artion Specimens kst pereent
154 Shyrgla} In air, room temp 261 o]
) 'n 10,000 psi H2 1K to 22 hr 1S 18 loss
In 10,000 psi H2 18 to 22 hri H
removed prior to testing 304 16 gain
1n 10000 psi H2 1810 22 hriH2
removed, tsted within 3 hr 56 2 loss
InNYat-320F RI| 18 gan
In H2 2 hr at room temp
tested at -320 377 4 gain(c)
154 Blunt!®?  Inair. room temp 287 o
In 10000 pst Hy 14 to 22 hr 254 11 foss
In 10,000 psi H2. tested immediately 252 12 oss
In 10,000 psi H2 1810 22 hr M2
removed prior 1o testing 278 3 loss
Stressed 10 180 ksi, added H2.
and tested 264 R Joss
230 Sherptd)  Inair, room temp s ¢}
In 10,000 pst H2 18 10 22 hr 12° Tty
In 10,000 psi HY 1% 1o 22 irs H2
rem< . ed prior 1o testing
Stressed to 175 kil tested after
adding 4000 py H> .18 S0 loss
Stressed to 125 kvt tested alter
adding 3500 pa H2 110 63 hoss
Streased 10 78 ket tested afier
adding 10,000 psi H2 100 FARTENY
InN2at-320F MO 29 toss
1n 10.000 psi H2 1810 22 hr at roo
temp tected 3t -320 F 2 AR
N CTee e 10000 p
H> "~ 2 hr.tested at -320F 237 TRt
Caoted to-320 Fostreswed 1o
19° ks1, added 10,200 psi H2
tested at -320 F. 229 14 fow(¢)
230 Blunt!®)  In air. room temp ) 377 0
In 10,000 psi H2 S min 240 36 loss
In 10.000 psi H2 1R 10 22 hr 177 S loss
In 10.000 psi H> 18 to 22 hr: H2
17 loss

removed prior to testing 310

{a) Sharp-notch configuration. 0.306-inck major diameter, 60-degree V-notch with
0.150 inch root diameter and 0.0046 inch root radius,

(b) Blunt-notch configuration, same as above but with 0.0313 inch ~~~t radius

(¢) Relative to specimen tested in N2 at-320 F.

For tests to evaluate the effect of surface treatments and
protective coatings, the treated or coated sides of the disks were
subjected to hydrogen pressure during testing in the burst-test
fixture. Specimens of the French steel 35 NiCrMo 16 were
finished on onc surface by milling. turning, shot peening with
glass beads, and electrolytic polishing. Information on composi-
tion. heat treatment, and bursting-pressure ratios is given in
Table 7. The peening treatment and clectropolishing produced
surfaces that appeared to be more resistant to hydrogen-gas
embritticment than were the machined surfaces.

Electrolytic deposits of zinc, cadmium, copper, and nickel
plus gold (brush plates). gold and aluminum deposits produced by
vacuum metallizing, and nickel carbonyl and diffused chromium
deposits produced by vapor plating also were evaluated using
disk specimens of 35 NiCrMo 16 steel. Zine, copper. nickel, and
chromium coatings did not give favorable results. Cadmium
under certain conditions and gold and aluminum coatings produced
by vacuum metallizing were beneficial. A tin cozting brush plated
on a nickel flash plating also provided some resistance to hydrogen
environment embrittlement.

Effects on Fatigue Properties of ASTM A-302 and AS17

Specimens of ASTM A-302 Grade B steel modified with
nickel and ASTM A-517 Grade F steel were subjected to low-
cycle faffguc loading in tension in 10.000 psi helium and in
10,000 psi hydrogen on the Rocketdyne program.(0) The most
significant data were obtained on notched specimens that had
been fatigue cycled in air to develop shallow cracks in the notches
prior to low-cycle fatigue loading in the high-pressure gas environ-
ments. The same loading equipment and gas-pressure cells were

TABLE 7. INFLUENCE O SURFACY ¢ ONDITION ON THE
RELATIVE RUPTURE PRESSURE OF DISK
SPECIMENS OF 35 Ni(: Mo 1o STEELOID

PHe/PH2

Surface for
Condition__ . _Rupture
Turned . 5.45
Milled 1.50
Shot peenced $.02
Electrolytically 3.00

Compr.osition of 35 NiCrMo 16 steel in percent by weight
0.38C, 4.3Ni. 1.9Cr, 0.50Mo. 0.37Mn. 0.30S1, 0.010P.
.N058S.

frea. creatment: austenitized at 1600 F for 1 hour in helium,
cooled in helium, cooled to - 110 F for 2 hours, tempered
twice at 450 F for 1 hour cach time.

Tensile properties: yield strength 226 ksi. tensile strength
275 ksi. elongation 7.3 percent.

used for fatigue cycling as for the tensile tests discussed previously.
Load -rcling was between zero Joad and 2 maximum applied load
Tie caal pre oL et o0t riction.
Kesults vf these testy e saown in Figures | 2na . fivdroges at
10,000 psi obviously has ¢ marked effect in reducing the fatigue
strength of the two steels under these conditions as compared

with that of steels tested in 10,000 p.: belium or air at | atmosphere
pressure.

~ it PERNPOR

Effects on Fatigue Propertics of | |8 Ni (250) Maraging Steel

Center-notch plate specimens of 18Ni (250) maraging steel
were subjected to fatiguc loading at the United States Steel
Corporation in cnvironments of argon, humid argon, hydrogen.
and humid hydrogen to determine the cffect of these environments
on the crack growth rate.(11) The specimens were 0.250 inch thick.
2.75 inches wide, and 12 inches long. with center cracks initially
about 0.140 inch long. Fatigue cycling was conducted 2t room
temperature at 150 cycles per second for zero-to-tension loadine.
During testing, fatigue cycling was interrupted every 10.000
cycles to make crack-length measurements by means of an
clectric-potential method while the specimen was under static
mean load. An environmental chamber was clamped in place on
cach specimen prior to fatigue cycling. The environments were
maintained at 1 atmosphere pressure and the hydrogen gas was of
99.999 pereent purity. The specimens had been annealed at
1700 F and aped at 900 F for 3 hours. The yield and tensile
strengths of the 18 Ni maraging steel were 246,000 psi and
257,000 psi respectively.

Crack-growth-rate data were practically the same for the
argon, humid argon, and hunud hydrogen environments. The
data are plotted in Figure 3 for the humid and dry hydrogen.
Crack growth rates under conditions of cyclic loading were about
three times greater for specimens tested in the dry hydrogen than
for those tested in humid hydrogen. Apparently the water
vapor present in the hydrogen gas counteracts the effect of the
hydrogen itself.

Effects on §u_hcfi}jﬁcul‘ Crack Growth in Alloy Steels

Crack growth in center-cracked sheet specimens of H-11
steel in hydrogen gas and other environments has been studied in
a continuing program at Cornell University {12, 13) The
specimens were 3 inches wide, 12 inches long, and 0.065 inch
thick. with 1-inch-long transverse center slots. The ends of the
slots were sharpened to about 0.001-inch radius by ¥lox
machining. These H-11 steel specimens had been heat treated to
a yield strength of 230.000 psi. During loading in the testing
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FIGURE 3.

environment. crack propagation was measured by an clectric-
potential method. Ina purificd hydrogen environment at |
atmosphere pressure, cr‘af'ck growth occurred at a stress-intensity
factor of 11 ksi /in.. buf in a dry-argon atmosphere, crack growth
did not occur until the stress intensity factor reached 40 ksi Jin.

Since a continuous record of crack growth could be obtained
by means of the electric-potential instrumentation. the relative

rates of crack growth could be determined with different environ-
ments for the same spectmen. The crack growth at o stress-
intensity factor of about XS ksi Jinsin pure hvdrogen at |
atmosphere pressure is compared with that atistress intensity
factor of about 22.5 ksi Jin. in humiditicd argon in Figure 4
The crack growth rate is seen to be signilicantly greater in the
hyvdrogen cavironment. However, as shownn [Figure S, the
introduction of onty 0.6 pereent oxypeen into the hydrogen is
sufticient to stop crack growth under the conditions for which
the data in Figure 5 were obtained.

Crack growth rates in precracked specimens of hardened
AIST 41230 steel were investizated in hydrogen-gas environments
under constant stress intensity, in a program at Ames Research
Center.UH4Y The specimens used were tapered double-cantilever-
beam type, such as have been used in some laboratories far
obtaining plane-strain fracture toughness (Kye) data. Because ol
the tapered design. the stress-intensity factor does not change as
the crack length is increased il the same load is applicd. Crack
growth was measured by a compliance technique. A fter a futigue

Q62
[o13]]

059

Crack Length, inch

® Pure hydrogen, K~ I18.5 ksi</in.
B 100% humidified argon,K~225 ksiv/in.

as3 | [ ] J ] L ]
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FIGURE 4. SUBCRITICAL CRACK GROWTH IN H-11 STEEL
SPECIMENS IN ENVIRONMENTS OF PURE
HYDROGEN AND HUMIDIFIED ARGON AT ONL
ATMOSPHERE PRESSURE(!2)
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SPECIMENS IN ENVIRONMENTS OF PURE HYDRO-

GEN AND A HYDROGEN-OXYGEN MIXTURE(1Z)
(a) At this point, the specimen grips were tapped
to initiate the reaction,



: : ; - {fects w-Cycle Fatigue Properties of Type 310
crach wvas developed in the specimen in the evacuated chamber, LEffects on Low-Cycle Fatigue Properties ol 1ype 22

hydrogen was introduced and the maximum static load on the

specimen was adjusted to obtain a stress-intensity factor of 45 Specimens of Type 310 stainless steel in the Rocketdyne

ksi VIn. After slow crack growth had started, the load was reduced program were subjected to low cycle fatigue tcn(silc loading in
to produce a stress-intensity factor of 36 ksi V1. Results of tests 10,000 psi helium and in 10,000 psi hydrogen.(0) These were

round-notched specimens of the design used in other phases of

conducted in the temperature range from -¥ to 48 C at a hydrogen- : . ; c U
this program, but cach specimen had been fatigue loaded in air to

gas pressure of 8.5 psi absolute indicate that the crack growth rate -
was relatively constant over this temperature range. Results of develop a small crack around the specimen at the root of the
tests at room temperature with hydrogen-gas presstires over the notch. They were tested in the same cquipment used for the
range from 1.26 to 14.5 psi absolute are shown in Figure 6. On tensile tests und.thc same environmental chambers were used
this log-log plot, the crack growth rate versus hydrogen pressure around the specimens as in the other tests.

can be represented by a straight line. For a constant stress-
intensity factor, the crack growth rate increases as the hydrogen
pressure increases. These data were used in developing a proposed
mechanism for hydrogen-gas embrittlement which apparently is
not the same as the mechanism for hydrogen embrittlement from
water or saturated vapor environments. A discussion of these
mechanisms is outside the scope of this report.

Results of the fatigue tests are shown in Figure 7. These
limited test results indicate that the low-cycle fatigue propertics

o7t ?
STAINLESS STEELS @ | 4130 steel (hardened)
T T T » — T=298K (77F)
Available information on the effect of high-pressure hydrogen E t K=36 ksivin. ?
on stainless steels is limited. However, results of the program -
discussed in the following paragraphs indicate that the stable 2 3 n=1
austenitic stainless steels are not embrittled while the martensitic, & 2
ferritic, and semiaustenitic PH stainless steels are subject to £ i =
embrittlement in hydrogen-gas cnvironments at ambient tempera- . -
tures. 2 o o
o p—
_Effects on Tensile Propertics § =
Several stainless steels were included in the Rocketdyne © 10°3 L i ]
program discussed previously.(6) The steel types and composi- l 5 10
tions are shown in Table 8. Unnotched teastle specimens were Pressure ,psi{absolute)
0.250 inch in diameter in the test sections (except for Type 304L
and Type 305 which were 0.150 inch in diameter). Notched FIGURE 6. EFFECT OF HYDROGEN-GAS PRESSURE ON
tensile specimens had a stress-concentration factor (K¢) of 8.4, CRACK GROWTH RATE OF AISI 4130 STEEL(14)
From a comparison of the tensile data in Tables 9 and {0 (5 7o 0va-rsr wrorocew |
for corresponding specimens tested in the helium and hydrogen 1o T T O 10.000-P51 MeLIN
environments, it is evident that the most stable austenitic stain- S R SRR R b 1.
less steels of the series (Types 310 and 316) and the precipitation- : 1 1 O o searen trctes |
hardening austenitic stainless steel (Type A-286) were not affected Boaso f—
by the high-pressure hydrogen. The other austenitic stainless steeis & : [
(Types 304L and 305) were only slightly affected. The martensitic : S Sy O
and ferritic stainless steels and the precipitation-hardening semi 3 S S i T
austenitic 17-7 PH stainless steel were substantially embrittled by : ; i
the high-pressure hydrogen. Failure of Bourdon tubes of the 400 e ",‘o[o e
series stainless steels subjected to gascous hydrogen is discussed in CYOLES T FATLURE '
Reference (5). The stable austenitic stainless steels represent one . o . .
of the few classes of alloys that are resistant to embrittlement by FIGURE 7. LOW-CYCLE FATIGUE CURVES FOR PRE-
a hydrogen-gas environment. CRACKED SPECIMENS OF AISI TYPE 310 STAIN-
LESS STEEL TESTED IN HELIUM OR
HYDROGEN(0)

TABLE 8. CHEMICAL COMPOSITIONS OF STAINLESS STEELS IN THE ROCKETDYNE PROGRAM(0)

_Composition, pereent by weight

Material(a) __C Mn__ P S Si Ni Mo Other
Type 304 L 0.020 1.78 0.014 0.011  0.49 9.78 18.50 0.09 0.10Cu
Type 305 0.07 0.86 0.025 0.025  0.68 11.99 18.19 -
Type 310 0.05 1.34 0.013 0014  0.04 0.4 248 0.14 0.11Cu
Type 316 0.05 1.73 0.024 0.022 0506 12.45 17.52 2.07 0.22Cu
Type 410 0.145 0.71 0.016 0.007  0.60 0.40 12.26 0.08 0.11Cu. 0.02Al
Type 430 F 0.096 1.07 0.015 0.293  0.63 0.24 16.33 0.40 0.07Cu
Type 440 C 0.96 0.48 0.013 0.024  0.33 0.36 17.33 0.48
Type A-286 0.052 1.47 0.019 0.010  0.61 5.58 15.07 1.35 0.13Al. 1.93Ti.
0.30V. 0.005B

17-7-PH 0.072 0.08 0.028 0.00s 0.04 7.10 17.29

0.90A)
(a) Spccimcag were machined from 2/8md1r<ﬁu‘<uptfor'IApr;\28(\ ' '
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TABLE 16. TENSILE PROPERTIES OF TYPE 310 STAINLESS STEE

L IN HELIUM OR HYDROGLN AT VARIOUS PRE QSUR! S‘(’)

Tcnsllc Properties

cnsnle Propcmcs

in Helium___ . __ __inHydrogen T
. T o Reduc- ) educe-
£ Helium Tensile Elonga- tion in Hydrogen Tcnsnlc} l;.!ongu- tx)rrl ‘:n
; ) SSUTC tion, Arca, Pressure, Strength, on,
Sp(f;}l]l;lg(f:l) Pr;s:iurg, Strﬂ%;lh pcrufnl puccnt psi kst percent B “V#’pcrccnt o
UN T e o 100 87 52 66
1000 90 54 67 1000 89 55 ();
10,000 77 56 64 10,000 78 56 6
N 100 123 - l§
1000 123 - 1o
10.000 116 - 20 10,000 108 - 18 N
:l UN., unnotLhLd N. nouhul sue .Tdhh_‘" (Z);dill\unslons
N()m Tensile properties in air: Unnotched, tensile strength 87 ksi, elongation 54 percent, reduction in area 66 percent: Notched, wnsile
strength 124 ksi, reduction in area 19 percent.
of precracked specimens of Type 310 stainless steel are not affected Effects on Properties of Precracked Specimens of 2219 Alloy

oy a 10,000 psi hydrogen environment up to about 2,000 cycles.
This behavior substantiates the tensile test data in the same
environments.

ALUMINUM AND ALUMINUM ALLOYS

Although only limited information is available, aluminum
and aluminum alloys represent one of the few classes of metals
that do not appear to be embrittied to any appreciable extent by
high-purity hydrogen gas at ambicnt temperature. Evidence for this
view is presented below.

%ffects on Tensile Properties

Notched and unnotched tensile specimens of 1100-O
aluminum and 6061-T6 and 7075-T73 aluminum alloys were
tested in air, in helium at 5,000 to 10,000 psi, and in hydrogen at
5,000 or 10,000 psi at Rocketdyne to determine the effect of the
high-pressure hydrogen environment.(0) The unnotched specimens
were 0.250 inch in diameter in the test section and the notched
specimens contained a 60-degree annular V-notch designed for a
stress-concentration factor (Ky) of 8.4. For specimens tested in
helium or hydrogen, a small pressure vessel was slipped over the
specimen with the threaded ends of the spccimen protruding from
the ends of the pressure vesscl. Pressure seals in the ends of the
pressure vessel were seated on shoulders adjacent to the threads of
the tensile specimen. The hydrogen after pressurization was
determined to contain <0.5 ppm oxygen, 2.6 ppm nitrogen, <0.5
ppm total hydrocarbons, < 0.5 ppm CO and CO2, and < 0.5 ppm
water. For most of the tests in 10,000 psi helium and 10,000 psi
hydrogen, the system was vacuum purged as noted in Table 11.
The gas pressure was then raised to 10,000 psi and the test was
started immediately. The unnotched specimens were loaded at a
strain rate of 0.002 minute-} to the yield load and then at 0.04
minute-1 to fracture. The notched specimens were loaded at
0.0007 to 0.005 inch ipm to fracture. The loads were corrected
for cffect of pressure on the shoulder fillets and notches. The
tests on specimens of 1100-O aluminum were made with 5000
psi gas pressure so the correction would be less than the yield load.

Rcs‘ults of these tests are summarized in Table 11, Since the
tests in IT0.000 psi helium involved the same pressure vessel setup
as the tests in 10,000 psi hydrogen, the property values obtained in
those provide a logical basis for comparison. Comparison of
the data in Table 11 indicates that no substantial reduction
in strength or ductility results from exposure of these alloys to the
10,000 psi hydrogen environment.

L

Aluminum Alloy 2219 was included in a program for
evaluating effects of high-pressure high-purity hydrogen gas on
tankage materials at Bocing when it was discovered that Alloy

718 (nickel base) was severely affected by the hydrogen environ-
ment.(15, 16)

Specimens of 2219 aluminum alloy were obtained from one
0.75-inch-thick plate and one 1.0-inch-thick plate. Welded speci-
mens were prepared by two different weld-joint configurations
and weld settings. Design of the part-through~racked specimens
is shown in Figure 8. Heat treatment of the parent metal and
welded specimens consisted of solution treating at 995 F for
4 hours, water quenching, straightening, aging at room temperature
for several hours, aging at 350 F for 12 hours, and cooling in air.
This treatment is designated by Boeing as T6E46. Tensile
properties and fracture-toughness data obtained in air at room
temperature are included in Table 12.

Precracked specimens (which had been precracked by fatigue
loading) were subjected to a high-pressure hydrogen-gas environ-
ment by clamping a hydrogen pressure cup to the specimen so that
the cracked face cf the specimen was exposed to the high-pressure
hydrogen at 5200 psi. At regular intervals, the hydrogen was

19.37

1.37

2,00 % g Sym i

_q
Sym

All Dimerslors Are In Inches
T = 0,29 For 0,75-Inch Plote
T = 0.345 For 1 00-inch Plote

FIGURE 8. DESIGN OF PART-THROUGH-CRACK SPECIMEN
OF 2219-T6E46 ALUMINUM ALLOY(15)
For welded specimens, the welds extended
across the specimen at the center line and
the surface flaw was in the weld metal,
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TABLE 12. FRACTURE TOUGHNESS IN AIR OF 2219-T6E46 ALUMINUM-ALLOY PLATE AT ROOM TEMPERATURE USING

PART-THROUGH-CRACK SPECIMENS(15)

Flaw Flaw Fracture Yield Tensile
Specimen Thickness Depth,  Length, Stress, K¢ (@) Strength, Strength,
o inch inch inch ksi ksi Vin. ksi ksi
l’arc;ft _Mctal(b) 6B-1 0.292 0.170 0.722 41.9 369 39.4 58.0
( 1-in!;}§ plate) 6B-2 0.342 0.155  0.714 43.7 346
Welded:Specimens | OW-1 0.341 0.164 0.722 41.2 334 42.1 57.8
4 OW-2 0.403 0.158 0.713 40.3 306

i

{a) Based on Kobayashi's equation: K =1.1Mk UJ"Q'Jm ., where Mg and Q values are dependent on flaw size and fracture stress and may

be obtained from curves, ¢ is gross stress at failure, and a is crack depth.

(b) Transverse specimen orientation,

vented off and fresh hydrogen was added to the pressure cup to
maintain the pressure. The hydrogen gas was 99.999 percent
pure. In the sustained-load tests, the precracked specimens were
loaded to a specified level of the stress-intensity factor and held
at this load for specific lengths of time. At the end of the time
period. the specimens were again fatigue loaded without the
hydrogen pressure cup to develop additional fatigue cracking to
mark the extent of sustained-load cracking in the fracture. The
specimens were then loaded in tension to fracture. The fracture
surfaces were examined to determine whether sustained-load
crack growth had occurred. Results of these tesis on 2219-TOE46
aluminum-alloy parent-metal specimens are shown in Figure 9.
These results indicate that the threshold stress-intensity factor
(KTH) for this alloy exposed o0 hiydrogen gas at S$200 psi was
about 28.0 ksi v in. for specimens from the 0.75- and 1.00-inch
plates. Corresponding data (Figure 10) for weld metal in welded
specimens indicated that the threshold stress-intensity factor was
about 26.0 ksi V in. for the hydrogen environment. The numbers
next to the points in Figures 9 and 10 indicate the extent of
crack growth in thousandths of an inch.

The Ki¢ data and the threshold stress-intensity-factor data
(KTH) for the parent metal and weld metal were used in plotting
the curves in Figures 11 and 12. These curves relate applied stress
to critical flaw depths, assuming a flaw depth-to-length ratio of
0.25. Assumed operating- and proof-stress levels are indicated in
the figures. From Figure 11. a flaw greater than 0.187 inch deep in
a pressure vessel wall 0.345 inch thick theoretically will cause
failure at a proof pressure 'that develops a wall stress of 38.6 ksi
in a circumfefential direction (assuming a cylindrical tank with the
flaw in a plan€}passing through the longitudinal axis of the
cylinder). Therefore, proof testing with an inert fluid at this
pressure will indicate, if no failure occurs, that there are no flaws
larger than 0.187 inch deep in the tank walls. When the tank is
pressurized with hydrogen gas to develop the operating stress
fevel of 24.1 ksi in the tank wall, the intersection of the 24.1-ksi
line with the KTH curve indicates that no flaw less than 0.255
inch deep would grow under these conditions. If the tank were
not proof tested and a flaw were present approximately 0.255 inch
or more in depth from the inside surface. the flaw could grow in a
pressurized hydrogen environment. In time, the flaw could grow
to 0.315 inch depth, which is less than the wall thickness. At this
point, catastrophic failure would occur. The same kind of exercise
can be performed using the data plotted in Figure 12 for flaws in
welds, assuming a proof stress of 29.9 ksi and an operating stress
of 18.7 ksi. If the operating stress were 16.0 ksi, a large flaw would
grow through the wall thickness before reaching the critical level of
stress-intensity factor and leakage would occur before catastrophic
failure when the tank was pressurized with hydrogen.

Boeing's study has indicated that the 2219-T6E46 aluminum
alloy is superior for high-pressure hydrogen-gas tankage to such
alloys as Alloy 718 and Ti-6A1-4V, which arc discussed later.

~
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COPPER AND BERYLLIUM COPPER

Tensile specimens of OFHC copper and beryllium copper were
evaluated in 10,000 psi hydrogen gas along with specimens of other
alloys in the Rocketdyne program.(6) The tensile specimen
design was the same as that used for other specimens in the pro-
gram. Environmental chambers were positioned around the
specimens to provide environments of helium at 10,000 psi
pressure or hydrogen at 10,000 psi pressure. Results of the tests,
shown in Table 13, indicate that copper and the beryllium-copper
alloy apparently are not embrittled by environmentat hydrogen at
high pressures,

NICKEL AND NICKEL-BASE ALLOYS

Several nickel-base alloys, particularly Alloy 718, have been
used for certain aerospace applications that required relatively
high strength at high temperatures or relatively high strength, good

e - — -

toughness, and compatibility with liquid oxygen and other
cryogenic fluids at low tempeatures. However, no tests had been
made on notched specimens ol nickel or nickel-base alloys in
hydrogen-gas environinents at ambient temperature until the past
few yuears, when the daty discussed in this section were obtained.
These data indicate that nickel, Alloy 718, und Ren@41 are

emhrittlod in hiohonroccire hyudenenn wt ambinet tamnaenioe:
Effects on Tensile Propertics of Mickel, Alloy 718, and Rent 41

Tensile specimens of nickel, Alloy 718, and Ren€ 41 were
evafuated in hydrogen at high pressure on the Rocketdyne pro-
gram {0} Specimen designs and cquipment were the same as
discussed in previous sections, Heat treatments and tensile
propertics are presented in Table 14, The strength of the notehed
specimens tested in 10,000 psi hydrogen was from 30 to 73 per-
cent fower than that of specimens tested in 10,000 psi helium,
In 1,000 psi helium and 1,000 psi hydrogen, the unnoteh tensile
properties of Alloy 718 were nearly the same as those in air.
However, the notch strengths of the Alloy 718 specimens were
282 ksi in 1,000 psi helium and 169 ksi in 1,000 psi hydrogen,
This represents a 42 percent reduction in noteh strength at the
lower hydrogen pressure,

The extent of embiittlement is somewhat dependent on
strength level, alloy, and hydrogen pressure, but these data
indicate that a hydrogen environment can cause embrittlement in
nickel and nickel-base alloys.

Effects on Center-Notch Specimens of Alloy 718

Alloy 718 has been used extensively in aerospace tankage for
liquid oxygen. This alloy is readily fabricated and has r latively
high strength and toughness in the solution-treated-ane' uged
condition at room temperature and at cryogenic temp ratures.
Because of these factors, Alloy 718 was used in constructing tanks
for hydrogen gas for the Mariner bo space vehicle, When data
from the Rocketdyne program indicated that Alloy 718 could be
embrittled by hydrogen gas, a program was initiated at Boeing to
provide further information on embrittlement of this alloy in
hydrogen.(15, 10)

In Boeing's program. flat plate specimens of Alloy 718 were
machined in the longitudinal direction from forged bars about
4.5 inches in diameter, To conserve test material and reduce the
amount of sawing, cach test plate was 4.1 inches long, and one
piece of 3/8-inch plate of Alloy 718 was welded to cach end of
each of the test plates to produce parent-metal specimens 12
inches long. Weld-metal specimens were prepared by welding two
0.312 x 3.5 x 2.8-inch pieces together and then weiding one
picce of 3/8-inch plate on each end.

The parent metal specimens were solution annealed at 1750 F
for 1 hour, 2ir cooled to room temperature, duplex aged at 1325
for 8 hours, furnace cooled to 1150 F, then held at 1150 F fora
combined total aging time of 18 hours. The weld-metal-specimen
blanks were solution anncaled at 1750 F for 1 hour and then air
cooled to room temperature before welding, The gas-tungsten-ure
process was used in welding the weld-metal test plates together.
One welding pass was madc on cach side. These welded specimens
were then subjected to the same duplex aging treatment as that for
the parent-metal specimens. Configurations of the finish-machined
spectmens are shown in Figures 13 and 14, A part-through crack
was produced at the midsection of cach of these specimens by
electrical discharge machining small notches in the surface and
subjecting cach specimen to fatigue Joading to develop the crack.
The crack sizes are given in the tables along with the other data.

Preliminary tests on several of these precracked specimens in
air at room temperature indicated that both the parent-metal and
weld-metal specimens were too thin to be used for the generation
of vatid K|¢ (plane-strain fracture toughness) valucs, Scveral
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(’RA%?SKED WELDS IN SPECIMENS OF ALLOY
718(15)

additional specimens were prepared nearly twice as thick in order
to obtain a better approximation of the fracture toughness of the
parent metal and weld metal. The daty obtained from testing
these specimens in air at room temperature are shown in Table
15. The information was nceded to provide base values so that
the extent of damage from the hydrogen environment could be
determined. Only one of the precracked parent-metal specimens
failed at stresses less than the yield strength, and the caleulated
K¢ value for this specimen was 150 ksi vin. by Kobayashi's
method (See Table 15). The average Kpg value for two weld-
metal specimens was 95,0 ksi Vin.

Results of the sustained-load flaw-growth tests for Alloy 718
parent metal when exposed to hydrogen gas at 5200 psi are shown
in Figure 15, The curve represents the lower bound line tfor
detectable flaw growth, On the basis of these data, the threshold
stress-intensity factor under these conditions was located at
22.0 ksi viin. Corresponding data for preflawed 6-inch-diameter
tanks of Alloy 718 also subjected to hydrogen-gas pressure are
shown in Figure 15. Results of sustained-load flaw-growth data
in 718 weld metal in high-pressure hydrogen are shown in Figure
16.

The curves in Figure 17 show the relationship between flaw
depth (a) and applicd stress (g) in an air environment for K¢

.
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FIGURE 16. SUSTAINED-LOAD FLAW GROWTH IN WELD
METAL OF PRECRACKED SPECIMENS OF
NICKEL-BASE ALLOY 718 IN HYDROGEN GAS
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of 150 ksi v'in. and in high-pressure hydrogen for KTH of 20

ksi Vi, For these curves, the flaw depth-to-length ratio is 0.25
and the assumed wall thickness is 0.120 inch. Values for yield
strength (oyg) and assumed operating stress (0op = 66.0 ksi) are
indicated on the stress scale. For the high-pressure hydrogen
environment, the initial flaw depth should not exeeed 0.032 inch,
corresponding to @ crack length of 0.128 inch. Any internal flaw
latger than this would grow if the tank were pressurized with
hydrogen at the operating-stress level. Under these conditions.

the crack would cventually grew through the wall (to a depth of
0.120 inch). Since the operating stress is considerably lower than
the K¢ curve at 0.120-inch, it is expected that a leak-before-
fracture condition would oceur (rathet than catastrophic failure).
Because of the high toughness of Alloy 718 in air and the relatively
fow KTH value in high-pressure hydrogen, a pivof test with an inert
pressurizing fluid could not be used to eliminate pressure vessels
containing flaws 0.032 inch deep, Such flaws must be located by
nondestructive tests.

The curves in Figure 18 apply to the K¢ value ol 95.0
ksi Jin. for Alloy 718 weld metal and the threshold Koppq value
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TABLI- 15,

SPLCIMINSUEN)

Parent Metal
Weld metal

Specimen Thickness, Width.
inch inchey
1B-3 0.250 2510
1W-1 0.152 2,93
Iw-2 0.240 240

15

Flaw
Depth,
0.171

0.094
0.140

L
Length,
H ]

(7

i

0.812

0.387
0.570

FRACTURE JOUGHNESS OFF ALLOY TI8 IN AIR AT ROOM TEMPERATURE USING PART-THROUGIH-CRACK

|-racture Yield Tensile
Stress, Kjcta)y  Strength, Strength,
hai kst voin. ksi Ksi

153.8 150 174 198

141.0 92.8

128.9

98.7

(1) Based on Kobayashi's cquation: Ky = 1.1Mg 943% wihere Mg and Q values are obtained from curvwes. @ s gross stress, anda is

vrack depth.

Nate: Composition, pereent by weight: 0.02C 0.1 1Mn, 0.0108, 01285 18, 1CT, $2.8Ni, S.16Ch+Ta, 1.05Ti, 0.55AL 3.11Mo, 0.03Cu.
0.05C0, 0,004B, balance Fe.
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of 20 ksi v in, for Alloy 718 in high-pressure hydrogen. As in the

parent metal, flaws aceper than 0,032 inch in the weld metal would
eventually grow through the wall at a stress of 66.0 ksi in the
high-pressure hydrogen environment. At a 150-ksi stress level for

the hydrogen ¢nvironment, flaw growth wouid occur for flaws

0.006 inch decp or greater. As soon as the Taw depth in the weld
metal reached 0.079 inch, catastrophic (vacture would oceur,
since the Kje curve passes through the 150-ksi stress level at 0 079-
inch tlaw depth. However, prool testing with an inert fuid could

net be used to locate laws 0,032 inch deep in the weld metal.

This condition again would place full responsibility for flaw
detection on the nondestructive inspection facilities.
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specimens was 4,2,

IN NICKEL-BASE ALLOY 718 IN HYDROGEN
GAS AT 5200 PSI(I5)

Because of the extensive reduction in fracture toughness
resulting from a high-pressure high-purity hydrogen environment,

Alloy 718 is not recommended for gaseous hydrogen tankage.

Lffects on Noteh Strength of K Monel

K Monel was one of the alloys evaluated in high-pressure
nitrogen and hydrogen environments al Rensselaer Polytechnic
Institute A8) The major diameter of the specimens was 0,306
inch and the stress-concentration factor (Ky) of the notched

Unnoteh tensile properties of the annealed

alloy in air were 47-ksi yield strength, 100-ksi tensile strength, and
40.1 pereent clongation in 1-1/4 inches. Noteh strength in 10,000
psi nitrogen was 144 ksi and that in 10,000 psi hydrogen was 105
ksi. There is a 27 pereent reduction in noteh strength in the high-
pressure hydrogen.
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IJ Unnotceh tensile properties of the precipitation-hardened K iron, 0.0 percent aluminum, LT pereent vanadiunt, O0.010 percent
3. Monel in air were 139-ksi tensile strength and %7 pereent clonga- nitrogen, (0 12 percent oxypen, and 0.004 pereent ||an|’n;.w;L
i tion in 1-1/4 inches. Noteh streagth in 10,000 psi nitrogen was
i 251 ksiand that in 10.000 psi hydrogen was 113 ksi tor the The fatigue specimenswere Tinch wide m o the test sections.
; precipitation-hardened alloy. represeating a S5 percent reduction <h \mmmwn had o 0 100 mch long, part- lhmuph Tatigue crack
{f in nateh streneth Av fore athor alloaos 4ha o e et OhG L U UHIC WOSE MU O TEICTE T HIZUE CRICK
T cenvironment is greater at the higher xucnuh lcvu wis prmluud hy making an Floxed starter nouh al the center of
’ the test section and fatigue cycling the specimen in flexure until
“é TITANILM AND TITANIUM ALI QYS a 0.100-ineh-longe fatigne ceack had been deve loped at the aoteh,
- The purpose of the preliminary cracks, which were produced inan
Because of its tavorable strength-weight ratio and its good wir atmaosphere, was to provide uniform starting conditions for the
ioughness at -423 F, the Ti-5A1-2.58n (ELD alloy is often selected crack-propagation tests,
tfor liquid-hydrogen tankage for spacecralt applications. Fittings
y and tubing for these applications olten are either titanium or one ‘The precracked specimens were cycled under axial loading
: of the titanium alloys. These titanium and titanium-alloy compo- conditions in a controlled atmosphere which was maintained in an
nents, therefore, are exposed to hydrogen gas at temperatures from insulated sealed retort around the specimen. Before starting cach
‘ -423 F to above ambicent temperature at variable pressures. A test, the test chamber was vacuum purged and backlilled with
! failure in one of these systems was cause Tor an extensive study of nitrogen, helium, or hydrogen gas. Oxypen content ol the hydrogen
i the clfects of hydrogen environments on titunium and titanium gas was not more than 1 ppm. A gas pressure ol 2 psi above
1 alloys.(17. 18, 19) Leakage had occurred at a weld between atmospheric pressure was maintained in the test chaumber through-
titanium tubing and a fitting as a result of the formation of out the test. The lower stress during tension-tension eyeling was
H titanium hydride and the spalling away of the hydride in the area 1 2.5 ksi and the upper stress was 02,5 ksi on the uncracked area
¥ of the weld. However, the hydride formation was not limited to of the test section. Cyclic rate was 80 cycles per minule. Low
] the weld. temperatures were obtained by cither spraying the specimens with
cold gas trom a ligueitied-gas storage dewar or by submersing the
A research program was initiated at Ratielle to determine what specimens in liquid nitrogen or liquid hydrogen in a cryostal,
i conditions promote and inhibit the hydride reaction between
Y hydrogen gas and titanium.(18. 20) Experiments conducted in Results of the latigue tests are summarized in Figure 19, The
| this program demonstrated that titanim hydrides could be formed number of ¢cycles to failure is the number of cycles, starting with
‘ at l-atmosphere pressure of high-purity hydrogen gas at ambient the precracked specimen, to cause failure at the maximum cyclic
; temperature. However, there are a number of variables that pro- gross stress of 62.5 ksi. As crack growth oceurred during cycling,
- duce rather subtle effects when one tries to obluin consistent a clean fracture surface was continually produced for exposure to
} results. Factors which enhance the reaction are increased hydrogen the environment. The number of stress cycles to fracture for
. pressure, incressed reaction time, abrasion of the titanium surface specimens exposed to different environments depended on the
S immediately before exposure to hydrogen, galling of the surface environment and the test temperature, The data in Figure 19
S with other metals (especially in the presence of oil), and vacuum indicate that the hydrogen-gas enviromment had a marked effect
Y ! anncaling to dissolve surface oxides before hydrogen exposure.
g The amount of hydriding for a given set of conditions was greater 17,000
S for acicular structures than for equiaxed structures, Unalloyed oH, T
i titanium and Ti-5A1-2.58n alloy appeared to be more reactive with 16,000
- hydrogen gas than did Ti-6Al-4V alloy when surface oxidation was 19000 b— /"\
g a factor. However, when oxidation of the surface was prevented, '
i the Ti-6A1-4V alloy was more reactive than titanium and Ti-5Al- 14,000 — / oH, \
) 2.58n alloy. The beta-containing alloys appear to be more /
- susceptible than the alpha alloys to severe damage from the 13,000[— / Na \
L reaction to hydrogen gas, because of the higher solubility of 12.000
o hydrogen in the beta phase. The rate of the hydride reaction was !
S not consistently affected by stress on the specimen. 11,000

Impurities in the hydrogen gas and an oxide luyer on the 10,000

Cycles 1o Faiure

{ , tit‘unium (resulting trom exposure to air) inhibited the reaction 9000
1 ] ' with hydrogen,
f-! f a000
o Effeets on Tensile Properties
o T T T 7000

Effect of 10,000 psi hydrogen on the tensile properties of
titanium, Ti-SA-2.5 §n alloy, and Ti-6A1-4V alloy for unnotched
and notched specimens evaluated in the Rocketdyne program are 3000
shown in Table 16.(0) Reduction in strength resulting from
exposure to the high-pressure hydrogen ehvironment was observed 4000
for the notched specimens only. These tests represent relatively 3000 | | L
short times for loading to fracture. Since hydride formation is -500  -400 -300 -200 -i00 o 100
time dependent, the short-time tensile tests do not indicate the Testing Temperature ,F
effect of an extended-time exposure.

6000

FIGURE 19, FATIGUL LIVES OF PRECRACKED SPECIMENS

A Effects on Fatigue Properties of Ti-6Al-4V OF Ti-0A-4V ALLOY TESTED IN Y DROGEN

X GAS AND OTHER ENVIRONMENTS AT A PRIEES-
: Annealed Ti-6Al-4V specimens from 0.080-inch sheet were SURE OF 2 PSI ABOVE ATMOSPHERIC PRES-

7‘3 used in a study at McDonnell Douglas to show the effects of a SURE UNDER TENSION-TENSION LOADING AT
; hydrogen-gas environment and other environments on the fatigue A LOWER STRESS LEVEL OF 12.5 KSIAND

] properties of precracked specimens.(21) Yield strength of the UPPER STRESS LEVEL OF 62,5 KSI(ID

y alloy was 139 ksi, tensile strength 144 ksi, and elongation 14

i percent. The altoy contained 0.23 percent carbon, 0.08 percent
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i ereastng e crack vwrow th rate at all testmg tempesatures above

P00 F gs compared with crack giow th rates tor prevracked sped

mens tested momtrogen o hehum gas. When the ivdiogen pas was

contammated with ovyaen, the crack prosw th rate was relnded o as
shown m Fagure 19 tor the poantmarked 11> 0 0> When the
hydrogeit gasn was contaminated wilh onygen,a proteciive oxide
PIOVADLY TOTHICU QN TOC BEW TEICTHES SUTRICes dod inmited the
hydrogen-titaniuim reaction. Flus behavior v consistent with that
indicated by iformation lrom other sources.

AL temperatures below - 100 FOspecimens tested e the
hydrogen-gas covironment had fatigae hives longer than those of
correspotding specimens tested in mtrogen or bebivm gase Ths
indicates that the cold hydrogen pas in a liquid-hy drogen storage
tank would not have an adverse eliect on the Tatipue lite ol the
tank it it were anncaled Ti-0ALY alloy. Phe downward trend
of the fatigue curves in Figure 19 Tfor tests made at temperatures
from -200 IF 1o -423 I is probahly the result of increasing
embrittlement (increasing 1 steh sensitivity ) as tie festing
temperatures were decreased.

Hydrogen analysis ot tilings from the fracture surtace ol the
specimen tested at O F in hydrogen indicated a hydrogen content
16 times greater than that for the unexposed aloy. Examination
of the fractures by clectron-microscope techniques indicated
distinct differences between the fracture surfaces produced in
helium of nitrogsn environments and those produced in the
hydrogen environment at ambient temperature. 0 ¥, and -50 I,
Fracture surfaces of specimens tested in hydrogen gas al tempera-
tures above -100 F contained discontinuous cracks at the tatigue
strigtions, Fracture surfaces of specimens tested in helium or
nitrogen at the same temperatures contained relatively flat ficlds
of continuous fatigue striations,

Since this program has shown that exposure to pure hydro-
gen gas at a pressure as Jow as 2 psi above atmospheric pressure
can cause marked reductions in fatigue lives for precracked
specimens of Ti-6A1-4V alloy at temperatures above -100 F as
compared with specimens tested in nitrogen and helium gases,
the use of this alloy is not recommended Tor service in hydrogen
environments above -100 F. Hydrogen-gas enviranments at
higher pressures are likely to cause even greater reductions in
fatigue lives. It must be assumed that other titanium alloys will
behave similarly under these conditions until additional tests have
been conducted to provide additional information for them.
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APPENDIX
PROGRAM OF TMS-AIME SYMPOSIUM
“EFFECTS OF GASEOUS HYDROGEN ON METALS”

A one-day workshop session cosponsored by the Non-Ferrous Commiiee of TMS-AIME and
the Acrospace Panel of the Joint ASTM-ASME Committee on Effect of Temperature on the Properties of
Metals will be held at the spring meceting of the Non-Ferrous Metallurgy Committee, Institute of Metals
Division, Metallurgy Socicty of AIME, in Las Vegas, May 11-14, 1970. The tentative program is as
follows:

Chairman: D. €. Goldberg
Co-Chairman: R. Raring

Session 1. Definition of the Problem, Test Techniques Employed, Data
Accumulated Pertaining to the Problem

(a) Film “Hydrogen Challenge™ 1. P, Fidelle, Comuuissariat
a L’Energy Atomique (16 mm - 18 minutes)
{b) Discussion of Several Aspects of GH2 Embrittlement of
Metals, D, P, Williams, H. G. Nelson of NASA-AMES
*(¢) Fracture Mechanics Examination of Ha-Metal Reactions,
R, G. Forman, NASA-MSC
*(d) Slow Crack Growth in Ti Alloys Exposed to Low Pressures
of H2 Gas, H. L. Marcus, B. S. Hicknan, J. C. Williams,
G. Garmong, and P, Stocker, Science Center, North
American Rockwell

*(c)y Effects of Temperature and Pressure on the Hydriding

Astronuclear Laboratory

(f) Effect of Pure Gascous H?2 on Tensile Properties of
Ni-Base Alloys, 1. M. Rehn, P. P. Dessau, C. E, Dixon
and C. W, Funk, Acrojet-General Corporation, Sacramento

Session 2. Development of Rationale for the Damage Mechanism in
Various Muaterials

*a) Environmental H2 Embrittlement of a Ferrous Alloy:
Embrittlement in Dissociated Hydrogen, Howard G. Nelson,
Dell P, Williams, Alan S. Tetelman, of University of
California, Los Angeles and NASA-AMES.

(b) Rocket Engine Materials in High Pressure Hydrogen,
G. R. Janser, Acroject-General Cotporation, Sacramento

(¢) Discussion

*Papers available for publication.
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